We performed a genomewide screen for altered sensitivity to antifungal drugs, including clotrimazole and terbinafine, that target ergosterol biosynthesis using a Schizosaccharomyces pombe gene deletion library consisting of 3,004 nonessential haploid deletion mutants. We identified 109 mutants that were hypersensitive and 11 mutants that were resistant to these antifungals. Proteins whose absence rendered cells sensitive to these antifungals were classified into various functional categories, including ergosterol biosynthesis, membrane trafficking, histone acetylation and deacetylation, ubiquitination, signal transduction, ribosome biosynthesis and assembly, regulation of transcription and translation, cell wall organization and biogenesis, mitochondrion function, amino acid metabolism, nucleic acid metabolism, lipid metabolism, meiosis, and other functions. Also, proteins whose absence rendered cells resistant to these antifungals were classified into functional categories including mitochondrion function, ubiquitination, membrane trafficking, cell polarity, chromatin remodeling, and some unknown functions. Furthermore, the 109 sensitive mutants were tested for sensitivity to micafungin, another antifungal drug that inhibits (1,3)-␤-D-glucan synthase, and 57 hypersensitive mutants were identified, suggesting that these mutants were defective in cell wall integrity. Altogether, our findings in fission yeast have shed light on molecular pathways associated with the cellular response to ergosterol biosynthesis inhibitors and may provide useful information for developing strategies aimed at sensitizing cells to these drugs.
F
ungal diseases, especially opportunistic fungal infections, have increased dramatically over the past 2 decades as a result of the growing population of patients with compromised immune systems due to chemotherapy, the transplantation of solid organs or hematopoietic stem cells, infection with HIV, aggressive treatments of cancer, and autoimmune disorders (16, 35, 40) . To date, invasive fungal infections are usually treated with drugs that interfere with the biosynthesis or integrity of ergosterol, which is an essential component of fungal plasma membranes. In fact, three of the five classes of antifungal drugs in clinical use are ergosterol biosynthesis inhibitors, such as azoles and terbinafine. However, certain factors, including host toxicity or the emergence of drug resistance, compromise the efficacy of treatment (2, 7, 10, 29) .
We have been studying the ergosterol biosynthesis pathway in the fission yeast Schizosaccharomyces pombe, because this system is amenable to genetic analysis and has many advantages in terms of its similarity to some pathogenic fungi. We previously identified a mutation in the essential gene hmg1 ϩ , encoding the sterol biosynthetic enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA) reductase (HMGR), which catalyzes the conversion of HMG-CoA to mevalonate and constitutes the rate-limiting step in the biosynthesis of ergosterol (17) .
In order to improve the treatment of fungal disease, it is necessary to identify novel targets by which the inhibitors of these targets act in synergism with existing antifungals, and a combination therapy with existing antifungals would convert the fungistatic antifungal effect into potent fungicidal activities. In this study, we report the first-ever genomewide screen of S. pombe haploid deletion mutants for genes affecting the sensitivity or resistance of antifungal drugs that target ergosterol biosynthesis, including clotrimazole and terbinafine. The screening may lead to the uncovering of novel targets for antifungal drugs that would enhance the efficacy of existing antifungal drugs as well as minimize the probability of the emergence of drug resistance.
MATERIALS AND METHODS

Yeast stains and media.
A genomewide deletion mutant library purchased from BiONEER (South Korea) was employed for the genetic screen. The viable haploid deletions used in this screen were generated by using a method for PCR-based targeted gene deletion with a genetic background of h ϩ leu1-32 ura4-D18 ade6-M210 or -M216 (25) . The haploid deletion library used in this study consists of 3,004 mutants that are estimated to be nonessential for viability in the haploid and represents around 80% of the nonessential genes in S. pombe.
Cells were grown in rich yeast extract with supplements (YES) at 27°C unless otherwise indicated (31) . Adenine, histidine, leucine, uracil, and lysine were added at 225 mg/liter. Gene disruptions are abbreviated by the gene preceded by ⌬ (for example, ⌬spo9). Proteins are denoted by roman letters, and only the first letter is capitalized (for example, Spo9).
Deletion library screens for altered sensitivity of antifungal drugs. In this screen, ergosterol biosynthesis inhibitors, namely, clotrimazole and terbinafine, were used. Clotrimazole, a member of the azoles, has the same mechanism of action as that of other azoles that inhibit lanosterol 14-␣-demethylase (Erg11), an essential enzyme in the ergosterol biosynthetic pathway (34) , and it showed the most potent and stable inhibitory effects on fission yeast cell growth among the azoles tested (clotrimazole, fluconazole, miconazole, and sulconazole) (data not shown). Terbinafine is in the allylamine class of drugs and targets the enzyme squalene epoxidase (Erg1) (34) . Both of these inhibitors are acknowledged as first-line agents for the treatment of fungal disease. The sensitivities and resistances of the yeast cells to these antifungals were determined by three different methods, as described below.
(i) Streak assay. In the first assay, the growth of each yeast strain was assayed by streaking out to form single colonies on plates containing YES or YES plus various concentrations of antifungals, and the plates were incubated at 27°C for 4 days. The colony size of the wild-type cells gradually increased over approximately 5 to 6 days. For the estimation of drug sensitivity or resistance, the colony sizes were assessed after 4 days. To test for drug hypersensitivity, different concentrations of drugs, ranging from 0.01 to 0.03 g/ml of terbinafine and 0.05 to 0.15 g/ml of clotrimazole, were used. To test for drug resistance, different concentrations of drugs, ranging from 0.08 to 0.2 g/ml of terbinafine and 0.2 to 0.3 g/ml of clotrimazole, were used.
(ii) Microtiter assay. The MICs for the strains were determined by broth microdilution according to CLSI guidelines (9), with some modifications. Fission yeast cells with an auxotrophic marker such as ura4 fail to grow at a neutral pH (3), and some deletion mutants show hypersensitivity to high temperatures. Given these characteristics of fission yeast cells in the deletion library, the determination of MICs using RPMI 1640 (pH 7.0) and incubation at 35°C, according to CLSI criteria, may not be suitable. In addition, the inoculum density in each well was increased to ϳ10 6 yeast cells/well because we failed to detect cell growth as turbidity at the low density (2.5 ϫ 10 3 yeast cells/ml) used in the CLSI methodology. Thus, strains were inoculated into 96-well microtiter plates containing 200 l of YES medium and different concentrations of drugs to yield ϳ10 6 yeast cells/well. A drug-free control was also included. The concentration range of the drugs in microtiter plate wells was 0.015 g/ml to 8 g/ml. The plates were incubated at 27°C and examined by use of a microplate reader after 48 h. MICs were determined as the concentrations of the drugs causing a 50% inhibition of growth. The experiments were done in triplicate.
(iii) Spot assay. The yeast cells were grown to saturation in YES liquid medium at 27°C. The cultures were then resuspended in fresh YES medium to give an optical density (OD) at 660 nm of 0.3, corresponding to about 10 7 cells/ml, and serially diluted to concentrations of 1 ϫ 10 Ϫ1 to 1 ϫ 10 Ϫ4 . Five-microliter samples of 10-fold serial dilutions of each yeast cell culture were spotted onto each plate, as described above for the streak assay, and incubated at 27°C for 4 days. Altered sensitivity was assessed manually by analyzing the number and size of the colonies formed on each plate in relation to the control.
Confirmation of clotrimazole-and terbinafine-sensitive or -resistant strains. In this study, we used a streak assay for a preliminary screen and a spot assay for a secondary screen, because as a classical experimental approach, they are widely used for the study of yeast cells due to their simplicity and accuracy, respectively. We also used a microtiter assay as an alternative method for detecting the sensitivity of yeast strains to drugs. The results showed that there is a positive correlation between sensitivities detected by the microtiter assay and the spot assay. Thus, mutants with altered sensitivity identified in the preliminary screen were further confirmed by the semiquantitative spot assay (1) and microtiter assay (9) , and the sensitivity or resistance of the strains was assessed by the results of the spot assay, as described previously by Kennedy et al. (24) , Xia et al. (42) , and Alamgir et al. (1) . Representative examples of the S. pombe deletion mutants screened for inhibited growth in the presence of clotrimazole or terbinafine are shown in Fig. 1 , and representative examples of the S. pombe deletion mutants screened for resistance to these drugs are shown in Fig. 2 . Using the wild-type strain as a control, the sensitivity was estimated relative to that of untreated controls, the strains were then classified, and the extent of growth that fell within the corresponding ranges were scored as follows: strongly sensitive (ϩϩϩ), indicating that the mutant cells completely failed to grow on the drug-containing plates, while the wild-type cells grew normally ( Fig. 1 ) (e.g., the clotrimazole-sensitive phenotype of the ⌬ddb1 and ⌬vps45 strains and the terbinafine-sensitive phenotype of the ⌬gga1 strain); moderately sensitive (ϩϩ), indicating that only the first circle on the left of the mutant cells was observed to grow on the drug-containing plates ( Fig. 1 ) (e.g., the terbinafine-sensitive phenotype of the ⌬ddb1 and ⌬vps45 strains and the clotrimazole-sensitive phenotype of the ⌬pal strain); and mildly sensitive (ϩ), indicating that colonies were observed to grow on the drug-containing plates but that the numbers of colonies were significantly reduced compared to those of wild-type cells ( Fig. 1 ) (e.g., the terbinafine-sensitive phenotype of the ⌬pal strain). On the other hand, resistance was also estimated relative to that of untreated controls, the strains were scored, and the extent of growth that fell within the corresponding ranges was scored as follows: strongly resistant (ϩϩϩ), indicating that the mutant cells grew very well under these extreme conditions, while the wild-type cells failed to grow (Fig. 2 ) (e.g., the terbinafine-resistant phenotype of the ⌬php3 and ⌬apl3 strains); moderately resistant (ϩϩ), indicating that the first and second circles on the left of the mutant cells grew well (Fig. 2 ) (e.g., terbinafineresistant phenotype of the ⌬SPBC1861.05 and ⌬mss116 strains); and mildly resistant (ϩ), indicating that only the first circle on the left of the mutant cells was observed to grow on the drug-containing plates but that the numbers of the colonies were significantly increased compared to those of wild-type cells (Fig. 2 ) (e.g., the terbinafine-resistant phenotype of the ⌬ubr11 and ⌬amo1 strains). All of the mutants identified in the screen grew well in YES medium, indicating that the phenotype on clotrimazole-or terbinafine-containing plates is a result of the effect of the drugs ( Fig. 1 and 2) .
Glucanase sensitivity assay. Cell wall digestion by ␤-glucanase (Zymolyase; Seikagakukogyo, Tokyo, Japan) was performed as previously described (8) . Briefly, exponentially growing cells at 27°C were suspended at a concentration of 10 7 cells/ml. The cells were then treated with ␤-glu- canase at a concentration of 100 g/ml at 27°C. Cell lysis was monitored by measuring the optical density at 660 nm. Complementation analysis. Each gene was expressed under the authentic or nmt1 promoter in a multicopy vector. Expression plasmids and vector controls were transformed into the mutant strains by the lithium acetate method and plated onto selective medium. To test for the complementation of the ergosterol biosynthesis inhibitor-sensitive phenotype, transformants were grown to saturation in selective medium, and serial dilutions were spotted onto each plate, as described above for the streak assay, and incubated at 27°C for 4 days.
Determination of ergosterol levels. Ergosterol extraction was performed essentially as previously described (32, 33) , with some modifications. Briefly, cells were grown to saturation in YES at 27°C and washed two times with ultrapure water. One milliliter of chloroform-ethanol (2:1, vol/vol) eluate, including 40 mol/liter pyrogallol and 10 mol/liter pyrene as an internal standard, was then added. The sample was mixed for 3 h. Subsequently, the sample was centrifuged at 16,110 ϫ g for 5 min. After centrifugation, the supernatant was evaporated by using a centrifugal vacuum evaporator. The residue was redissolved in 100 l of methanol.
Ergosterol analysis was carried out with an Alliance high-performance liquid chromatography (HPLC) system (Waters) coupled to an LTQ linear ion trap mass spectrometer with an atmospheric-pressure chemical ionization source (Thermo Scientific). An Inertsil ODS-3 column (with a 30-mm by 2.1-mm internal diameter [i.d.] and a particle size of 2 m; GL Sciences) was utilized for the separation process. Water and methanol were used as the mobile phases. A 10-l aliquot was injected onto the column. Analysis was conducted in the positive-ion mode.
Selected reaction monitoring was employed to quantify ergosterol, and selected ion monitoring was employed to detect the internal standard pyrene. The m/z 379.34
ϩ ) ion was selected as the precursor ion of ergosterol, and the m/z 295.24 product ion of ergosterol was monitored. The collision energy was set at 35%. The m/z 203.09
ϩ ) ion was monitored to detect pyrene. The ergosterol content of wild-type cells was taken as 100%, and the ergosterol contents of the other deletion mutants were calculated as a percentage of that of the wild-type cells.
Bioinformatics. Database searches were performed by using the National Center for Biotechnology Information BLAST network service (www.ncbi.nlm.nih.gov) and the Sanger Center S. pombe database search service (www.sanger.ac.uk).
RESULTS AND DISCUSSION
Identification of clotrimazole-and terbinafine-sensitive S. pombe deletion mutants. We screened a genomewide library containing 3,004 haploid deletion strains to identify some nonessential genes by which gene deletion caused the yeast cells to become more sensitive than wild-type strains to the antifungal agents that are inhibitors of ergosterol biosynthesis, such as clotrimazole and terbinafine. In this screening, we isolated 109 deletion strains that displayed various levels of sensitivity to the antifungals clotrimazole and terbinafine, and as shown in Table 1 , for each gene deletion mutant listed, the systematic name, common gene name (if applicable), as well as a brief description of each gene product (obtained from the Sanger Center website [www.sanger.ac.uk]) are indicated. In cases where the common name of the S. pombe mutant gene is not applicable, for convenience, we named the genes according to their Saccharomyces cerevisiae counterparts. With regard to the effect of clotrimazole, as shown in Table 1 , 54 mutants exhibited severe sensitivity, 31 mutants exhibited moderate sensitivity, and 20 mutants exhibited mild sensitivity. Regarding the effect of terbinafine, 5 mutants were classified as being strongly sensitive, 27 mutants were moderately sensitive, and 69 mutants were mildly sensitive. Among the 109 mutants, almost 89% of the mutants showed hypersensitivity to the two inhibitors of ergosterol biosynthesis, suggesting that these genes are involved in various biological processes influenced by an ergosterol deficiency. Nine mutants, namely, gene deletion mutants of dap1
ϩ (SPAC30.02c), and irc6 ϩ (SPAC19A8.11c), exhibited hypersensitivity only to clotrimazole and not to terbinafine. On the other hand, gene deletion mutants of gos1 ϩ , trt1 ϩ , mrs3 ϩ (SPAC4G8.08), and SPCC126.13c exhibited hypersensitivity only to terbinafine and not to clotrimazole. It was reported previously that azoles inhibit Erg11 while terbinafine inhibits Erg1 in the ergosterol biosynthesis pathway (34) . Our results suggest that the inhibition of Erg11 as well as the inhibition of Erg1 have different outcomes and that intermediate products such as lanosterol may have a distinct physiological function. Alternatively, clotrimazole and terbinafine may affect targets other than their primary targets in the ergosterol biosynthesis pathway. For mammalian cells, it was reported previously that clotrimazole inhibits numerous transport proteins of cellular membranes, such as Na,K-ATPase (5) and gastric H,K-ATPase (41) .
Notably, among the 109 genes, 13 genes are conserved only in fungi (Sanger Center S. pombe database) ( Table 1 ). These genes include sft1
.06, SPCC297.05, SPAC56E4.07, and SPAC57A10.08c. It is attractive to suggest that these genes that are unique to fungi may provide novel targets for the development of powerful, effective combination therapeutic strategies against life-threatening fungal diseases.
Functional categories of proteins by which absence renders cells sensitive to ergosterol biosynthesis inhibitors. Our results showed that the genes by which gene deletion confers sensitivity to the ergosterol biosynthesis inhibitors are classified into 15 functional categories, including those relating to ergosterol biosynthesis (4 genes), membrane trafficking (19 genes), histone acetylation and deacetylation (6 genes), ubiquitination (9 genes), signal transduction (13 genes), ribosome biosynthesis and assembly (6 genes), regulation of transcription and translation (4 genes), cell wall organization and biogenesis (5 genes), mitochondrion function (3 genes), amino acid metabolism (4 genes), nucleic acid metabolism (9 genes), lipid metabolism (3 genes), meiosis (6 genes), other known functions (8 genes), and other unknown functions (10 genes) (Table 1) . Below, we discuss each of the main categories:
Ergosterol biosynthesis pathway. The first group of the genes that are involved in ergosterol biosynthesis was identified. As shown in Table 1 , the deletions of the sts1 ϩ , spo9 ϩ , and kes1 ϩ genes exhibited hypersensitivity to both inhibitors of ergosterol biosynthesis, namely, clotrimazole and terbinafine, and the deletion of the dap1 ϩ gene exhibited hypersensitivity to clotrimazole but not to terbinafine. The sts1 ϩ gene encodes the C-24(28) sterol reductase Sts1, which is located downstream of Erg1 and Erg11 (21) , and the spo9 ϩ gene encodes farnesyl pyrophosphate synthetase, which is located upstream of Erg1 and Erg11 (43) . Both the sts1 ϩ and spo9 ϩ genes are responsible for catalyzing an enzymatic reaction in the ergosterol biosynthesis pathway; therefore, the deletion of either the sts1 ϩ or spo9 ϩ gene may cause a synthetic effect on the biosynthesis and result in hypersensitivity to ergosterol biosynthesis inhibitors. Next, the kes1 ϩ gene, encoding a homolog Membrane trafficking. The largest group of genes by which gene deletion confers sensitivity to the ergosterol biosynthesis inhibitors is involved in membrane trafficking (Table 1 ). This group includes 19 genes, namely, apl5
ϩ (SPCC794.11c), and SPBC725.10. Adapter protein complex 3 (AP-3) is a heterotetramer composed of 2 large adaptins (Apl5 and Apl6), a medium adaptin (Apm3), and a small adaptin (Aps3) that is involved in membrane trafficking to the vacuole (14) . Interestingly, the deletion of any of the AP-3 subunits leads to hypersensitivity to ergosterol biosynthesis inhibitors ( Table 1 ). The apm1 ϩ gene, encoding a 1 subunit of AP-1 that plays a key role in Golgi/ endosome trafficking and vacuole fusion, was also identified in the clotrimazole-and terbinafine-sensitive screen. Next is the vacuolar protein-sorting pathway (VPS), which mediates the localization of proteins from the trans-Golgi network to the vacuole via a prevacuolar endosome compartment in yeast cells (4, 30) . In our screen, 3 VPS genes, vps1 ϩ , vps32 ϩ , and vps45 ϩ , by which gene deletion leads to hypersensitivity to ergosterol biosynthesis inhibitors were identified. In addition, Sip1, a large HEAT (huntingtin, elongation factor 3, PR65/A subunit of protein phosphatase 2A, and lipid kinase Tor)-repeat-containing protein that forms a complex with Pof6, playing an essential role in endocytosis, cyto- kinesis, and cell division (23), was also identified. Moreover, the Golgi transport-related proteins Sft1, Sft2, and Gos1; the UDPgalactose transporter Gms1; the cationic amino acid transporter Cat1; and the zinc ion transporter Zhf1 were also identified in this screen. Another gene identified was the gga1 ϩ gene, which encodes a homolog of adaptin that is involved in transport from the Golgi apparatus to the vacuole. The next gene identified is SPBC725.10, which is predicted to be involved in the cytoplasm/ mitochondrial transport of heme (Sanger Center S. pombe gene database). Still other genes identified are the ent3 ϩ gene, encoding a homolog of the ENTH/VHS domain protein Ent3p, which is predicted to be involved in transport from the Golgi apparatus to the endosome, and uga4 ϩ , encoding a homolog of an amino acid permease that is involved in the transmembrane transport of amino acid. All these data suggest that both the Golgi-to-endosome and endosome-to-vacuole stages of transport play major roles in defining sensitivity to ergosterol biosynthesis inhibitors. In the ergosterol biosynthesis pathway, gene products such as farnesylpyrophosphate and geranylgeranylpyrophosphate are essential isoprenoids for the function of small GTPases such as Rab and Ras. In our previous report, we found that two Rab GTPases, namely, Ypt3 and Ryh1, are involved in fission yeast membrane trafficking (8, 19) , and the overexpression of rep1 ϩ , which encodes the Rab escort protein, suppressed the phenotype of an hmg1-1 mutant, an allele of the hmg1 ϩ gene that encodes the sterol biosynthetic enzyme HMGR (17) . Taken together, it is possible that the inhibition or mutation of the ergosterol biosynthesis pathway may reduce the production of isoprenoids, thereby affecting the function of the small GTPase Rab. Histone acetylation and deacetylation. Another major group of genes identified comprises pathways involved in histone acetylation and deacetylation. This group includes ada2 ϩ , ada3 ϩ , spt8 ϩ , lsd1 ϩ , cph1 ϩ , and SPCC126.13c. The ada2 ϩ , ada3 ϩ , and spt8 ϩ genes encode the Spt-Ada-Gcn5 acetyltransferase (SAGA) complex subunits that are involved in histone acetylation. Next is the lsd1 ϩ gene, which encodes the histone demethylase SWIRM1, which is involved in targeting histone tails for continuous acetylation and deacetylation. In addition, the cph1 ϩ gene and SPCC126.13c, encoding Clr6 histone deacetylase-associated PHD (plant homeo domain) protein 1 (Cph1) and the histone deacetylase complex subunit, respectively, are involved in histone deacetylation. These data suggest that in fission yeast, both histone acetylation and histone deacetylation are important for clotrimazole and terbinafine sensitivity. In support of this, Smith et al. reported previously that in budding yeast, strains with a deletion of SAGA transcriptional adaptor/HAT (histone acetyltransferase) sts1, spo9, kes1, apl6, apm3,  sip1, lsd1, SPBC725.10, SPCC126.13c, cdt2,  SPBC14F5.10c, rho2, rnc1, yox1, rep2,  iws1, aah3, SPAC1071.11, rhp51, trt1, iki3,  mug14, pds5, rph54, a The common name is taken from the orthology of S. cerevisiae. b The gene disruption exhibited two of the three phenotypes, that is, micafungin sensitivity and osmoremedial ergosterol biosynthesis inhibitor sensitivity. c The gene disruption exhibited two of the three phenotypes, that is, micafungin sensitivity and ␤-glucanase sensitivity. d The gene disruption exhibited two of the three phenotypes, that is, osmoremedial ergosterol biosynthesis inhibitor sensitivity and ␤-glucanase sensitivity.
e Genes by which gene disruption exhibited all three phenotypes, that is, micafungin sensitivity, osmoremedial ergosterol biosynthesis inhibitor sensitivity, and ␤-glucanase sensitivity. complex genes (e.g., ADA3 and SPT7) markedly enhanced azole sensitivity (36) . Ubiquitination. Several of the genes identified encode ubiquitin ligase proteins, including pub1 ϩ , ubp8 ϩ , pli1 ϩ , brl2 ϩ , rkr1 ϩ (SPBC21D10.09c), SPBC14F5.10c, and SPCC1223.01. In addition, cdt2 ϩ , encoding an adaptor protein, and ddb1 ϩ , encoding a damaged DNA binding protein, which form a Ddb1-Cul4-Cdt2 ubiquitin ligase complex with the COP9 signalosome complex (CSN), a Cullin-4 ubiquitin ligase (Pcu4) (27) , were also identified in this screen. All these results suggest that various ubiquitination processes play important roles in defining sensitivity to the inhibitors of ergosterol biosynthesis. It was reported previously that an inhibitor of squalene synthetase encoded by ERG9 promotes the ubiquitin-ligase-mediated vacuolar degradation of the tryptophan permease Tat2p in budding yeast, suggesting the involvement of ubiquitin ligase in membrane trafficking (12) . We suggest that the deletion of ubiquitin ligase genes may affect membrane trafficking, thereby causing hypersensitivity to antifungal drugs, as described above.
Signal transduction. Several of the genes identified are involved in signal transduction, with the largest group being involved in the glucose/cyclic AMP (cAMP) signaling pathway, including git1 ϩ , git3 ϩ , git5 ϩ , and gpa2 ϩ /git8 ϩ . The git (glucoseinsensitive transcription) genes encode components of a cAMP signaling pathway required for adenylate cyclase activation (20, 39) . In addition, the deletion of 3 protein kinase genes, namely, ppk33 ϩ , pka1 ϩ , and rrd1 ϩ (SPAC4F10.04), conferred hypersensitivity to the ergosterol biosynthesis inhibitors. Also identified were those genes relating to the mitogen-activated protein kinase (MAPK) signal pathway, including the rnc1 ϩ gene, encoding a K homology (KH)-type RNA binding protein that negatively regulates the MAPK kinase kinase (MAPKKK) cascade (37); the rho2 ϩ gene, encoding the Rho family GTPase Rho2 that acts upstream of the MAPK signal pathway (28) ; and the cch1 ϩ gene, encoding a putative subunit of the Ca 2ϩ channel that is involved in the calcium-dependent calcineurin signal pathway (15) . Both the glucose/cAMP signal pathway and the MAPK pathway are the two major intracellular signaling pathways that play a crucial role in various biological functions and control many cellular processes. Although the mechanisms are still unclear, we speculate that these pathways may influence ergosterol biosynthesis, and vice versa.
Other biological processes and unknown functions. Genes modulating other biological processes, such as the regulation of transcription and translation, ribosome biogenesis and assembly, cell wall organization and biogenesis, mitochondrion function, amino acid metabolism, nucleic acid metabolism, lipid metabolism, and meiosis, also contribute to hypersensitivity to the inhibitors of ergosterol biosynthesis, namely, clotrimazole and terbinafine, upon gene deletion (Table 1 ). In addition, not all genes identified in this screen were grouped according to known functions in relation to ergosterol biosynthesis, because a number of the mutants showed a clear hypersensitivity to these inhibitors, yet the functions as indicated are apparently unrelated to ergosterol biosynthesis. Also identified were several open reading frames (ORFs) that encode proteins of unknown Nearly three-quarters of clotrimazole-and terbinafine-sensitive mutants showed defects in cell wall integrity. In addition, we examined the growth of the clotrimazole-or terbinafine-sensitive mutants on plates containing 2 g/ml micafungin, another antifungal drug that inhibits (1,3)-␤-D-glucan synthase, which is essential for cell wall synthesis. As shown in Table 2 , among the 109 ergosterol biosynthesis inhibitor-sensitive mutants, 57 mutants (or 52.3%) showed hypersensitivity to micafungin, suggesting that these mutants are defective in cell wall integrity. The other 52 mutants (or 47.7%) grew equally well compared to wild-type cells on plates containing micafungin. This finding prompted us to examine whether the ergosterol biosynthesis inhibitor-sensitive mutants showed altered resistance to cell wall-damaging agents such as ␤-glucanase. ␤-Glucanase treatments of wild-type cells and ⌬pmk1 cells, which lack a MAPK regulating the cell wall integrity of fission yeast (38) , were also performed as a negative control and a positive control, respectively. As shown in Fig. 3C , the optical density (OD) of wild-type cells at 120 min was 78%, and that of ⌬pmk1 cells was 47% (the value before the addition of the enzyme was taken as 100%). Our results showed that 24 mutants (or 22.0%), with an OD of Ͻ60% at 120 min, were lysed significantly faster than wild-type cells (Table 2 ). Specifically, 6 mutants, namely, the ⌬kap1, ⌬pub1, ⌬end4, ⌬ugp1, ⌬pal1, and ⌬brl2 mutants, were lysed even faster than the ⌬pmk1 cells (Fig.  3C) . Furthermore, it was observed that 41 gene deletion mutants (or 37.6%) showed osmoremedial ergosterol biosynthesis inhibitor sensitivity; that is, the addition of 1.2 M sorbitol suppressed the clotrimazole-and terbinafine-sensitive growth defect of the deletion mutant cells ( Table 2 ). The ⌬gpa2 deletion mutant, a representative example of the ergosterol biosynthesis inhibitor-sensitive mutants, is shown in Fig. 3A and B.
Taken together, 82 mutants (or nearly three-quarters) of all genes by which gene deletions confer hypersensitivity to ergosterol biosynthesis inhibitors were found to express three additional phenotypes, including micafungin sensitivity, ␤-glucanase sensitivity, and osmoremedial ergosterol biosynthesis inhibitor sensitivity, respectively. Among them, five mutants, namely, the ⌬pub1, ⌬vps45, ⌬apm1, ⌬pal1, and ⌬aps3 mutants, expressed all three phenotypes, and 26 mutants expressed two of the three phenotypes correlated with cell wall integrity ( Table 2) . These findings suggest that cell wall integrity is one of the resultant effects of the sensitivity of these cells to the ergosterol biosynthesis inhibitors and that another mechanism is also involved in the hypersensitivity to ergosterol biosynthesis inhibitors.
Identification of clotrimazole-and terbinafine-resistant S. pombe deletion mutants. We also screened for genes by which gene deletion renders cells resistant to the antifungal agents that are inhibitors of ergosterol biosynthesis, namely, clotrimazole and terbinafine. As shown in Table 3 , we identified 11 genes by which gene deletion confers resistance to the ergosterol biosynthesis inhibitors. These genes include php3
.05, and SPCC1442.05c. It is interesting that tom13 ϩ deletion mutants exhibited resistance only to terbinafine and not to clotrimazole. The genes mentioned are categorized into the following groups: mitochondrion function (5 genes), ubiquitination (1 gene), membrane trafficking (1 gene), cell polarity (1 gene), chromatin remodeling (1 gene), and other unknown functions (2 genes). Of the 11 resistant mutants, 5 mutants correspond to genes that are involved in mitochondrion function, and this result is consistent with a previous report that the inhibition of mitochondrial function resulted in fluconazole resistance in a wild-type Saccharomyces cerevisiae strain (26) . A relationship between mitochondrial DNA deficiency and resistance to azoles was demonstrated recently for azole-resistant isolates of Candida glabrata (6, 13) . More recently, Ferrari et al. reported that the loss of mitochondrial functions associated with azole resistance in Candida glabrata also resulted in enhanced virulence in mice (18) . Although the mechanisms involved in these resistant mutants are still unknown, our current findings with fission yeast may provide important clues to a better understanding of the mechanisms of the emergence of antifungal drug resistance. As described above, the deletion of mitochondrial genes confers both sensitivity and resistance to these drugs (Table 1) . These results suggest that mitochondria are involved in the regulation of the ergosterol biosynthesis pathway and that the sensitive and resistant genes may play opposite roles in their regulation. Complementation of the growth phenotypes of deletion strains by the wild-type genes. To confirm that the sensitivity was due to a specific gene deletion and not a consequence of secondary mutations during the screening process, we proceeded to revert the phenotype by the complementation of the strains with their specific genes. We selected strains with mutations that showed the highest level of sensitivity to the drugs. These strains included apm1, rho2, pka1, and vps45 deletion mutants. As shown in Fig. 4 , all the strains tested could be efficiently complemented by plasmids containing wild-type copies of the genes. These results suggest that the sensitive phenotypes of these strains were indeed caused by the deletion of specific genes.
Responses of clotrimazole-and terbinafine-sensitive or -resistant mutants to other antifungal drugs. We also tested the growths of the strains isolated in this screen on plates containing other antifungals, including fluconazole, another azole, and amphotericin B (AmB), which binds to ergosterol and destabilizes the cell membrane. To test for drug hypersensitivity, different concentrations of the drugs, ranging from 10 to 30 g/ml of fluconazole and 15 to 20 g/ml of AmB, were used. To test for drug resistance, different concentrations of the drugs, ranging from 100 to 300 g/ml of fluconazole and 30 to 32 g/ml of AmB, were used. As expected, all of the mutants showed the same response to fluconazole compared to the response to clotrimazole, while the potency of fluconazole was significantly weaker than that of clotrimazole. The results obtained with AmB are summarized in Table 4 . Among the 109 mutants that were sensitive and 11 mutants that were resistant to ergosterol biosynthesis inhibitors, including clotrimazole and terbinafine, 34 of them showed sensitivity to AmB, whereas 4 of them showed resistance to AmB (Table 4) . Specifically, two mutants, namely, the ⌬apl3 and ⌬amo1 mutants, exhibited resistance to ergosterol biosynthesis inhibitors but exhibited sensitivity to AmB, whereas 4 mutants, namely, the ⌬sts1, ⌬kes1, ⌬ada2, and ⌬ada3 mutants, exhibited resistance to AmB but exhibited sensitivity to ergosterol biosynthesis inhibitors (Table 4). On the other hand, 32 mutants showed sensitivity to both the ergosterol biosynthesis inhibitors and AmB. These results may be helpful for the selection and combination of various antifungal drugs to enhance their therapeutic efficacy.
Determination of ergosterol levels of several deletion mutants that exhibited altered sensitivity to antifungal drugs. To examine whether the ergosterol content of the strains correlates with the altered sensitivity to ergosterol biosynthesis inhibitors, we determined the ergosterol levels of several strains that showed the highest levels of sensitivity or resistance to the drugs. The results are shown in Fig. 5 . Regarding the strains that exhibit resistance to clotrimazole and terbinafine, the ergosterol content of php3 deletion mutants was dramatically increased compared with that of wild-type cells, whereas that of apl3 mutants was only slightly increased. Regarding the strains that exhibited sensitivity to clotrimazole and terbinafine, the ergosterol contents of the SPBC947.04, gpa2, rpl2001, and apm1 mutants were dramatically decreased, whereas those of the ddb1, apl5, cat1, and rho2 mutants were similar to that of the wild-type cells. These findings indicate that the sensitivity to ergosterol biosynthesis inhibitors correlates with the ergosterol level in some but not all the deletion strains.
In conclusion, the first genomewide screen of haploid deletion mutants in fission yeast was performed to determine altered sensitivities to antifungal drugs, including clotrimazole and terbinafine, in this study. Here, we have identified 109 mutants that were sensitive and 11 mutants that were resistant to these antifungals which are inhibitors of ergosterol biosynthesis. To our knowledge, this is the first report of a global screening for altered sensitivity to these antifungal drugs in a fungal model organism, and the genes or pathways identified in our study may provide valuable insights into the development of novel antifungal drugs that enhance the therapeutic efficacy of existing drugs and help minimize the occurrence of an increasing frequency of drug resistance.
FIG 5
Ergosterol levels of deletion mutants that exhibit altered sensitivity to antifungal drugs. The cells indicated were grown to saturation in YES at 27°C, and ergosterol from the strains was extracted and levels of ergosterol were determined as described in Materials and Methods. The ergosterol content of wild-type cells was taken as 100%, and the ergosterol contents of the other deletion mutants were calculated as a percentage of that of the wild-type cells. Each value represents the average from at least three independent experiments.
